Although benign histologically, craniopharyngiomas may display clinically malignant behavior with a strong propensity for recurrence. Contemporary therapeutic approaches for craniopharyngiomas include stereotactic irradiation in the form of Stereotactic Radiosurgery (SRS) or Fractionated Stereotactic Radiation Therapy (FSRT) as part of multimodality treatment particularly when complete surgical removal is not feasible. In this study, we evaluate the use of Linear Accelerator (LINAC)-based SRS in the multidisciplinary management of patients with craniopharyngiomas. Between July 1998 and July 2013, 20 patients (11 male, 9 female) with residual or recurrent craniopharyngiomas were treated using LINAC-based SRS at Department of Radiation Oncology, Gulhane Military Medical Academy. Median age was 37 (9-69) years. Median tumor volume was 1.1 (0.9-6.9) cc. Median dose was 13 Gy (range: 10-16 Gy) prescribed to the 80%-95% isodose line encompassing the target volume. Median follow-up time was 47 (7-93) months. Overall local control rate was 88% at 1 year, 79% at 3 years and 66% at 5 years. Three and 5-year progression free survival rates were 95% and 91% whereras 3 and 5-year overall survival rates were 94% and 88%, respectively. Our study supports the usage of LINAC-based SRS as a safe and effective management strategy for patients with recurrent or residual craniopharyngiomas. Keywords: Craniopharyngioma, Stereotactic Radiosurgery (SRS), Linear Accelerator (LINAC)
INTRODUCTION
Craniopharyngiomas are rare, dysontogenic tumors of the sellar region. These benign tumors typically arise in the pituitary stalk, and are also referred to as "Rathke pouch tumors" or "hypophyseal duct tumors". They follow a bimodal age distribution with one peak in children at 5-14 years and a second peak in adults at 50-74 years. 1 Craniopharyngiomas may have solid, cystic, mixed solid and cystic, or calcified components in their structural composition. Depending on their location, size, growth rate, and relation with adjacent structures; pituitary hormone deficiency, visual field loss, obstructive hydrocephalus and extraocular cranial nerve palsies may occur. 2, 3 Hemianopsia and papilledema are the probable visual field defects which could be the presenting symptoms in patients with tumors compressing the optic chiasm. 4 Optimal management of craniopharyngiomas remains a major therapeutic challange. Aggressive surgery with the goal of complete and immediate tumor elimination may be attempted. [5] [6] [7] [8] [9] However, depending on the primary location and extension pattern of the tumor, complete excision may not be feasible in some patients due to the potential of substantial morbidity. To treat these patients with tumors unsuitable for gross total resection, a more conservative approach including planned limited surgery followed by radiation therapy may be used to reduce the mass effect on the optic apparatus while avoiding endocrinologic and behavioral morbidity associated with aggressive surgery. [10] [11] [12] A significant improvement has been achieved in the precision and conformity of radiation therapy in recent years thanks to the major advances in neuroimaging and radiation treatment planning software. Stereotactic irradiation in the form of either Stereotactic Radiosurgery (SRS) or Fractionated Stereotactic Radiation Therapy (FSRT) is being increasingly utilized recently in the management of craniopharyngiomas to improve treatment outcomes. [13] [14] [15] [16] In this study, we evaluate the use of Linear Accelerator (LINAC)-based SRS in the management of craniopharyngiomas and report our single-center experience.
PATIENTS AND METHODS
Between July 1998 and July 2013, 20 patients (11 male, 9 female) with craniopharyngiomas referred to the Department of Radiation Oncology, Gulhane Military Medical Academy were treated using LINACbased SRS. The indication for SRS was the presence of either residual or recurrent tumor after surgery. Patient and treatment characteristics are shown in Table  1 . Before SRS, all patients had undergone surgery. Fifteen patients had one surgical resection and five had two or more surgical interventions. Ten patients underwent immediate SRS after conservative surgery while seven patients were treated after second or subsequent surgery for disease progression. For 3 patients allocated to follow-up after prior surgery, radiosurgical treatment was performed at the time of documented disease progression. Informed consents of all patients were taken before treatment. Median age was 37 years (range: 9-69 years). Four patients were children (<16 years old). Ten tumors were classified as being solid, 3 as cystic and 7 as mixed. Mean tumor diameter was 13.9 mm and median tumor volume was 1.1 cc (range: 0.9-6.9 cc). Details of the SRS procedure was described previ- [17] [18] [19] [20] [21] All patients underwent high-precision SRS using a LINAC with 6-MV photons. For the first 10 years (1998-2008), XKnife-3 (Radionics, Boston, MA, USA) radiosurgery planning system was used in SRS planning and cone-based SRS was delivered by LINAC SL-25 with circular cones (Elekta, UK). Whilst, after 2008, Volumetric Modulated Arc Radiosurgery has been started to be delivered by LINAC Synergy (Elekta, UK) with 3 mm-thickness head-on micro-multileaf collimator (mMLC) with the introduction of mMLC-based intensity modulated SRS using ERGO ++ (CMS, Elekta, UK) radiosurgery planning system at our department. Leksell and Brown-Roberts-Wells (BRW) frames were used in mMLC-based and cone-based SRS applications, respectively. On the day of SRS, the stereotactic frame was secured with 4 pins to the patient's skull under local anesthesia. Following rigid immobilization with the stereotactic head frame, contrast enhanced Computed Tomography (CT) images with 1.25 mm slice thickness were acquired by CT-simulator (GE Lightspeed RT, GE Healthcare, Chalfont St. Giles, UK). Acquired images were sent to the contouring workstation via network. Advantage SimMD simulation and localization software (Advantage SimMD, GE, UK) was used for contouring the target volume and critical structures. The visible postoperative residual lesion including solid component was outlined as the gross tumor volume (GTV) on the MRI. Planning target volume (PTV) was considered the same as GTV. Coronal and sagittal images were used in addition to axial images along with planning CT and Magnetic Resonance Imaging (MRI) fusion to improve target and organ-at-risk (OAR) contouring. After completion of delineation procedure, structure sets including the target and OARs such as the brainstem, optic apparatus, cochlea and the hypothalamus were transferred to the treatment planning system (ERGO++ planning system, Elekta or XKnife-3, Radionics) for cone-based or mMLC-based SRS treatment planning. Arc Modulation Optimization Algorithm (AMOA) was used to avoid violation of OAR dose limits while improving dose homogeneity within the target volume in the mMLC-based intensity modulated SRS plans using the volumetric-modulated arc therapy (VMAT) technique. Figure 1 shows treatment planning images of a patient with craniopharyngioma in axial, coronal, sagittal, and 3-D planes in ERGO planning system. Either a single 360-degree arc, double 360-degree arcs, or five 180-degree arcs was selected for each patient in SRS planning to achieve the best treatment plan in terms of target coverage and OAR sparing. Median dose was 13 Gy (range: 10-16 Gy) prescribed to the 80%-95% isodose line encompassing the target volume. The dose to the optic apparatus was limited to less than 8 Gy. Image-guided radiation therapy International Journal of Hematology and Oncology (IGRT) techniques including kilovoltage Cone Beam CT (kV-CBCT) and X-ray Volumetric Imaging (XVI, Elekta, UK) system was used in all patients undergoing mMLC-based SRS for isocenter and setup verification. After SRS procedure was completed, follow-up visits were scheduled for every patient at 3-month intervals for the first year, at 6-month intervals for the second year, and annually afterwards. Clinical examination, visual field testing, detailed neurological evaluation and neuroimaging with contrast-enhanced MRI was performed routinely at each follow-up visit. Pituitary function was assessed by basal hormonal assessment and vision was assessed by serial ophthalmological examinations. Common Toxicity Criteria Version 4.0 was used in toxicity assessment. Local control was defined as no solid or cystic tumor enlargement or presence of tumor downsizing on follow-up neuroimaging and evaluation of local tumor control was based on the comparison of pre-SRS and post-SRS tumor size measurements. Progression-free survival was defined as the time from the first day of radiosurgery to the time of documented solid tumor progression. All patients were instructed to inform the treating physician about any unexpected neurological deterioration notwithstanding the follow-up schedule.
RESULTS
Nineteen patients (95%) out of the total 20 patients were alive at the time of analysis. One patient died 87 months after SRS due to disease progression. Of the 10 patients with solid tumors, complete response was achieved in 3 (30%), ≥ 50% downsizing in 4 (40%), < 50% downsizing in 2 (20%) and upsizing in 1 (10%) patient. Of the 7 patients with mixed tumors, ≥ 50% downsizing was achieved in 2 (28.5%), < 50% downsizing in 3 (42.8%) and upsizing in 1 (14.2%) patient. One of the cystic tumors (33.3%) showed < 50% downsizing while the other two showed cystic progression. The overall local control rate was 88% at 1 year, 79% at 3 years and 66% at 5 years. 3 and 5-year progression free survival (PFS) rates were 95% and 91%, 3 and 5-year overall survival rates were 94% and 88%, respectively. LC, PFS, and OS outcomes are shown in Table 2 . Hormonal functions improved in 1 out of the 8 patients suffering from anterior lobe hypopituitarism 21 months after SRS, and remained stable for the 4 patients with panhypopituitarism and 3 patients with normal pituitary function. Visual deterioration developed in 2 out of the 7 patients presenting with visual-field defects due to disease progression despite treatment. Visual function improvement with tumor downsizing was observed in 1 patient. Homonymous hemianopsia due to progressive disease developed in 3 of the 13 patients with normal visual fields. Table 3 shows endocrine and visual function status of the patients after completion of SRS. Acute toxicity in the form of nausea and headache was observed in five patients out of total 20 patients and resolved with medical therapy whilst five patients had progressive visual disturbance at 6 to 12 months 
DISCUSSION
While surgical resection is the mainstay of treatment for patients with craniopharyngiomas, local recurrence rates after surgery alone are considerably high even after gross total resection. 8, 9 Critical tumor location frequently precludes optimal surgical management. In the context of significant morbidity of the extensive surgery, limited surgery followed by complementary adjuvant radiotherapy has been suggested in order to minimize surgery-related side effects. [10] [11] [12] Higher morbidity and mortality with lower cure rates is of concern when repeat surgery is done for recurrent craniopharyngiomas. 9, [22] [23] [24] Therapeutic options other than surgery alone for residual and recurrent craniopharyngiomas include combined modalities of intracavitary chemotherapy and radiotherapy in the forms of conformal fractionated radiotherapy, Intensity Modulated Radiation Therapy (IMRT), stereotactic radiosurgery, stereotactic radiotherapy, conventional fractionated radiotherapy or intracavitary brachytherapy. In radiosurgical management of craniopharyngiomas, selection of tumor margin dose is determined by the tumor volume and its proximity to critical structures. SRS dose may profoundly affect treatment outcomes in terms of local control and procedure-related toxicity. 25, 26 Small-volume craniopharyngiomas respond favorably whereas tumors of any size in the close vicinity of optic apparatus pose a significant risk of unfavorable treatment-related toxicity despite the established sharp dose gradient outside the target volume. In the study by Jeon et al, 50 patients treated with Fractionated Steretactic Radiation Therapy (FSRT) and Gamma Knife Radiosurgery (GKRS) for recurrent or residual craniopharyngioma, therapeutic efficacies of FSRT and GKRS were compared and no difference between two treatment techniques was noted in terms of therapeutic efficacy. 27 In the study by Combs et al., 40 craniopharyngioma patients treated with fractionated radiotherapy alone resulted in five and ten-year LC of 100% and 5 and 10-year OS of 97% and 89% respectively. 16 In a report by Minniti et al., FSRT used as single treatment modality conferred tumor control rates of 69%, 3 and 5-year PFS of 97% and 92%, and 3 and 5-year survival rate of 100% at a median follow-up time of 57 months.
14 Radiosurgery has been used as a viable therapeutic option in the management of craniopharyngiomas with promising treatment outcomes. [13] [14] [15] [16] 26, [28] [29] [30] [31] [32] In a literature review of 10 studies evaluating Gamma Knife radiosurgery in the management of children and adult craniopharyngiomas, tumor control rates differed in cystic, solid and mixed tumor types with overall tumor control being 75%. 32 Corresponding control rates for solid, cystic, and mixed tumors were 90%, 80%, and 59%, respectively with radiosurgery-related overall morbidity of 4% and an overall mortality rate of 0.5%. In the study by Niranjan et al., 46 patients with residual or recurrent craniopharyngiomas underwent Gamma Knife SRS. 13 Overall LC rate (for both solid tumor and cyst control) was 91%, 81%, and 68% at 1, 3, and 5 years, respectively. No patients with normal pituitary function developed hypopopituitarism after SRS. Two patients developed homonymous hemianopsia owing to tumor progression after SRS. In a study by Chung et al. reporting 31 patients with craniopharyngioma, tumor control rate was 87% with a prescription dose of 9.5 to 16 Gy with 84% of patients having fair to excellent clinical outcomes in an average follow-up period of 36 months. 28 Only one patient experienced mild visual field restriction. There weren't any signs and symptoms of additional neurological deterioration or endocrinological impairment ascribed to treatment and no treatment-related mortality was reported. In the study by Lee et al. 32 , no visual or neuroendocrine complication was noted whereas Ulfarsson et al. 30 reported visual deterioration in 8 patients and pituriary deficiencies in 4 patients. Chung et al. 28 reported mild restriction in visual field in 1 patient. In our study, we achieved an average local tumor con-International Journal of Hematology and Oncology trol rate of 87.5% for solid craniopharyngiomas in consistency with the study by Gopalan et al. reporting a local control rate of 90% for solid craniopharyngiomas undergoing Gamma-Knife surgery, suggesting that the compositional structure of craniopharyngiomas such as solid, cystic, mixed solid and cystic, or calcified may influence the treatment outcomes. 31 In our study, 3 and 5-year progression free survival (PFS) rates were 95% and 91%, 3 and 5-year overall survival rates were 94% and 88%, respectively. In our study, mild acute toxicity (nausea, headache) was observed in 5 patients which resolved with medical intervention. Five patients had progressive visual disturbance at 6 to 12 months after SRS and cystic enlargement was documented on MRI of these patients. Hypothalamic dysfunction developed in one patient. Hypopituitarism worsened in 3 patients who presented with hypopituitarism before SRS. No clinically apparent neurocognitive dysfunction, cerebrovascular accidents, second malignancy and radionecrosis was detected. SRS is an effective therapeutic option in the management of craniopharyngiomas located in the vicinity of the optic apparatus through providing a very steep dose-gradient outside the target volume, improving adjacent critical structure sparing. Utilization of this highly-sophisticated technology for optimal protection of visual and neuroendocrine functions has great implications on the quality of life, which is of utmost importance and a great concern for patients suffering from craniopharyngiomas, particularly for children. Improving the unwanted toxicity profile of patients with long-life expectancy, SRS therapy through rigid immobilization, accurate target and critical structure contouring with image-fusion, and set-up verification with Image Guided Radiation Therapy (IGRT) techniques have great potential to maximize improved treatment outcomes of the patients with long life expectancy.
CONCLUSION
Our study supports the use of LINAC-based SRS as a safe and effective management modality for patients with recurrent or residual craniopharyngiomas.
